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NEUTRON FLUX DISTRIBUTIONS: (EXPERIMENT VS. THEORY)
FOR A WATER REFLECTED-SPHERICAL CAVITY SYSTEM

by
Floro Miraldi, George W. Nelson, Gary Holmberg and Gerald Skoff

ABSTRACT

Neutron flux distributions were measured in a system consisting
of a large spherical cavity in water. Mathematical models were
designed for the experiments and theoretical neutron flux distributions
calculated. Three cavity geometries were studied including concentric
sphere systems. Cavity fillings were air and BF3 at various pressures
between 0.05 and four atmospheres. Measurements were made by indium
foil activation. Foil activation distributions are presented and
relative thermal flux distributions are compared to calculated

fluxes. Comparison of theory and experiment show good agreement.
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SUMMARY

Experimental neutron flux distributions were measured in
a water filled tank containing a 27-inch diameter spherical
cavity region. Neutrons were provided by a plutonium-beryl!lium
neutron source located at the center of the cavity, and bare
and cadmium-covered indium foils were used to determine the
neutron flux distributions in both the cavity and moderator
regions. Three separate cavity systems were examined including
the simple cavity, a concentric sphere system with a 9-inch
diameter interior sphere, and a concentric sphere system with
a |2~inch diameter interior sphere.

Foil activation distributions and thermal neutron flux
distributions are presented for the several cavity geometries
with cavity fillings of boron frifluoride gas to simulate a
uranium gas-filled cavity. In the concentric sphere cases only
the interior sphere was filled with boron trifluoride to simulate
fuel contraction, and for these, various gas pressures were used
to investigate the effects of varying absorption in the cavity.

The studies undertaken here are exfensions of a previous
study (1). In particular, BF3 filling pressures in the simple
cavity were extended to values below one atmosphere and in the
concentric sphere systems, the pressures were increased to 4
atmospheres in the 9-inch interior sphere. The general features
of the distributions are as expected and the flux peaking in the
cavity, which was a distrubing feature of the previous study, is
explained.

An extensive theoretical study of this system was undertaken

- 00



and the essential features of it are presented. Neutron flux

distributions were calculated for the cavity system using a
multigroup diffusion theory, the SN method and an integral-age
method. Agreement between the SN procedure and experiment is
very good.

I+ is shown in the study that calculations based on
diffusion theory may be in error, and that in general, critical
mass determinations by this method will be low. It is also shown
that the neutron energy spectrum is hardened considerably as one
progresses to the center of the cavity and that such spectrum
changes must be considered in calculations of the neutron
interaction rates in the cavity. The differences among the
various theories are shown to be greatest for the systems with
internal spheres where the absorbing gas concentrations are
highest.

Finally, as an interesting aside, neutron |ifetime measure-

ments for two sphere systems are presented.
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INTRODUCT |ON

In a previous report (1) a study of neutron diffusion in
cavity media was described. Interest in such a study centered
around the "cavity reactor" concept. This reactor system consists
of a low density interior region surrounded by an external reflector-
moderating region.

The previous study involved the measurement of the thermal
neutron flux in a system composed of a large spherical cavity in
water. Three separate systems were considered:

(1) Spherical cavity about 27 inches in diameter in water

(2) The same as (l|) with a concentric 12 inch inner spherical
cavity

(3) The same as (1) with a concentric 9 inch inner spherical
cavity.

The particular experimental cases presented were:
(1) Single cavity with one atmosphere air filling

(2) Single cavity with one atmosphere BF, filling

3

(3) Concentric sphere system with 12 inch inner sphere
and BF3 fillings of |, 2, and 2.5 atmospheres in

the inner sphere

(4) Concentric sphere system with 9 inch inner sphere
and BF3 fillings of |, 2, and 3 atmospheres in the

inner sphere
{(5) No cavity
The present report deals with the extension of these cavity
experiments and the theoretical freatment of such systems. In
particular, The experiments conducted were for low pressure BF3
fillings in the simple cavity of 0.05, 0.1, 0.2 and 0.5 atmospheres;

four atmospheres of BF3 in the nine inch inner sphere system and

three atmospheres of BF3 in the 12 inch inner sphere system.
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The theoretical treatment considers multigroup diffusion
procedures, the SN method, and combined integral-age method for
the interior and exterior fluxes. The results agree well with the
experiments and in addition yield interesting insight into the
behavior of the neuftron fluxes in these systems.

A separate set of experiments were conducted fto measure the
neutron lifetimes in two particular systems. These experiments
were performed only for the purpose of investigating their

feasibility. The results are presented but no theoretical treat-

ment is given.
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DESCRIPTION OF EQUIPMENT AND EXPERIMENTAL PROCEDURE

The Experimental Assembly

The equipment and precedures used in this work are essentially
the same as the ones used in previously reported experiments (1),
and therefore will not be presented in detail here. Only a summary
is presented below for the convenience of the reader.

The experimental system consisted of a spherical cavity of 26-5/8
inch-diameter spun aluminum hemispheres welded together and containing
either a concentric |2-inch-diameter internal sphere, a 9-inch-dia-
meter internal sphere, or no internal sphere. This spherical cavity
was anchored in the middle of a four-foot-diameter by four-foot-deep
cylindrical tank of water. A I-1/8 inch ID aluminum fube passed
through the center of the spheres and Through the sides of the water
tank. A one-curie Pu-Be source was placed in this 'through-tube' at
the center of the spheres. All irradiation of indium foils inside the
cavity and some trial runs oufside the cavity were done in this tube.
Foils irradiated outside the cavity were also located in the water in
plastic holders attached to a lucite rod. The trial runs showed the
indium activation outside the cavity to be about 25 percent less in
the through-tube compared with the corresponding in-water data. It was
suspected that this was due to neutron streaming in the through-tube,
and so all further irradiations outside the cavity were done in the
water. Some unavoidable perturbations may have been introduced into
the system by the presence of the through-tube. These perturbations
are due to the presence of aluminum inside the sphere and the absence
of BF3 gas in the volume immediately surrounding the foils.

The indium foils, which were 1.20 cm in diameter and .005 inches



thick, were irradiated both bare and with .020-inch-thick cadmium
covers.

Counting Procedure

The foils were counted with an Ohio-Nuclear Model I!1 four-pi
gas flow counter which used a counting gas of 90 percent argon and
|0 percent methane. In the previous work reported (l), all data
were taken as single 10 minute counts recorded on a RIDL Model
49-23 scaler. Such a procedure led to difficulties in separating
the 54 minute activity from the 4-1/2 hour activity of indium.
Accordingly, the counting procedure for the work reported herein
was changed to a more accurate method.

!n the present work counting was done with a TMC Model
CN-110, 256 channel anaiyzer with a Model 214 multi-scaler plug-in
unit. This system was set up to register consecutive {0 minute
counts for several hours. The data were reduced by a computer
program which made a least squares fit to the function

oMt 4 gomr2t C, where A; 1is the time decay constant of

A
the 54-minute halflife of indium-1i6, A, is the decay constant of
the 4-1/2 hour excited state of indium-115 caused by inelastic
scattering of fast neutrons from the source, and A, B and C are
constants. The least squares program separately found the

activity corrected for background of the 54-minute component and

the 4-1/2 hour component at the end of irradiation.
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EXPERIMENTAL RESULTS

This section presents the experimental results obtained for the
various cases studied. These include

(1) Single cavity with BF3 fillings of 0.05, 0.1, 0.2, 0.5

and .0 atmospheres pressure

(2) Concentric sphere system with 12 inch inner sphere and

BF3 filling of 3 atmospheres pressure in the inner sphere
(3) Concentric sphere system with 9 inch inner sphere and
BF3 filling of 4 atmospheres pressure in the inner sphere

(4) Neutron lifetime measurements (See Appendix A).
The results are presented in this section in tabular form only and are
found in Table |. This section begins with some general comments about
the results and follows with a discussion of particular cases. The
section is concluded by a discussion of the data reduction procedures
and the experimental precision.

General Comments

All data relative to these experiments (except |ifetime measure-
ments) are presented in Table |I. The data presented are relative,

54 minute bhalf-life, indium foil activations. These data are those
directly related to the thermal neutron flux distributions.

The results for the interior regions were obtained in the through
tube and the results for the exterior region were obtained by
irradiating foils in the lucite holders* suspended in the water.

The in-water data were obtained along two different radii. In one
case the foils were placed along a line in the same vertical plane

as the through-tube and inclined at an angle of 45° to it. In the

* This data will be referred to as in-water data in the following.
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other case, the foils were along a radius in a plane normal to the
through-tube and also inclined 45° to the horizontal plane. This
choice of two different radial positions for in-water irradiations
was unforfunate since it was later found that the neutron source was
asymmetric. The in-water data thus has an additional spread; this
point is discussed in the following sections.

it should be noted here that the activation data presented is
in relative units and are consistant only for any one column in
Table |. Through it was our aim to make the normalization for
different cases always the same, a direct point by point comparison
between columns is not recommended. To obtain a comparison between
systems it is necessary to prepare graphs of the data in Table |
and compare shapes. The comments made in the following are based
on such comparisons.

Activation Profiles

Though the activation profiies differ greatly in the interior
region for different systems, the activation in the exterior region
a few inches from the sphere surface shows little change from one
system 1o another. This is to be expected since the thermal fiux
deep in the water is closely related to the fast flux valye at
that point and the fast fiux is not greatly affected by changes
in the BF3 fiiling.

Close to fthe source one observes an increase in the amount
of scatter among data points. Although, one expects this region
to have the least scatter, since the count rate is highest here, the
4-1/2 hour activity corrections are greatest near the source and the

statistical errors from this relatively low activity are reflected




in the data.

In the single sphere system at 0.05 and 0.| atmosphere BF3
filling, rather significant drops in activity are observed at the
interface. These are real and reproducible but are unexplained at
this time. Measurements at higher pressure of BF3, however, do not
show this dip in surface flux. Since flux peaking in the water
becomes significant at these higher pressures, it is probable that
the flux suppression at the surface is compensated for by this
peaking.

Data at distances of 0.5, 1.5 and 2.5 inches from the sphere
surface in the water were found to be consistantly higher than
expected in all sphere systems at all pressures. The cause is
traced to the fact that these points were all taken along the radius
in the plane perpendicular to the through-tube. A measurement of the
anisotropy of the séUrce revealed that the emission of the source in
directions normal to the axis was about three percent higher than
along the axis. Unforfunateiy, this measurement can not be applied
directly to correct these activities since the thermal flux near the
surface is a function of more than the source emission in the direction
of the foil. There is |ittle question, however, that the anisotropic
nature of the source is the cause of the displacement of these points.

Since the effect of the anisotropy of the source is diﬁinished
as one proceeds deeper into the external region, the in—waTér data
points along the two different radii become more convergent and ftheir
differences are quickly lost in the statistical counting errors. In
obtaining the thermal flux from the activation data, a smooth curve

is drawn through the data points and in this work, the data at 0.5,
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1.5 and 2.5 inches from the sphere surface were neglected; though, in
all cases these points are shown on the graphs. Hence, the profiles
obtained here are those expected atong the radius lying in the vertical
plane of the through-tube and inclined at 45° to it. It is emphasized
that the data is a function of the angular position of the foils
relative to the axis of the source and therefore slightly different
profiles will be obtained at different angles.

Flux Distributions

The relative neéfron flux distributions were obtained from the
activation data and are presented in the section on the "Comparison
of Theory and Experiment'" where the reader.will find a description
of the results as well as an explanation of some of the peculiarities
observed.
The relative fast (epicadmium) fiux is given by the cadmium-
covered foil data. !n Table i three separate cases are presented
and one "average vaiue" column is given. As can be seen, the
differences between cases is smal!l and for the count rates used,
the differences are usually within one counting standard deviation.
Accordingly, an "average" cadmium covered activity is presented.
This average value was obtained by plotting all three cases on the
same graph, passing the "best" smooth curve through the points, and
using fthe curve value as the best representative of the data at a point.
The relative Therméflfiux was obtained as the differenc; of the bpare
foil data and the "average" cadmium covered data as presented in Table |
affer it is corrected for filux depression in resonance absorption by cadmium.

The cadmium correction factor used was |.07 and the flux depression correction

factors used were [.00 in the cavity region and [.18 in the water
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region. The choice of these particular correction factors is discussed

in reference |.

Reduction of Experimental Foil Data

Many simplifications were possible in this work since only
relative data were needed. Additional reduction of the number of
corrections needed were possible in many cases by employing certain
experimental techniques such as using a constant count period and
exposing the foils to saturation values.

The delay between the removal of the foil from irradiation to
the start of counting was always at least 10 minutes so that all the
I3 second half-life activity could be neglected. The foils were
counted by an automatic system which made consecutive 10 minute
counts for several to many hours. The data obtained were then reduced
by a computer program which made a least squares fit to the function

pe AT 4 ggTA2t

+ C, where X; is the time decay constant of
the 54-minute half-life of indium-116, Az is the decay constant of
the 4-1/2 hour excited state of indium-115 caused by inelastic
scattering of fast neutrons from the source, and A, B and C are con-
stants. The least squares program found the initial activity of the
54-minute component at the time of removal, corrected for background
and the 4-1/2 hour component; further corrections were made for foil
weight, irradiaTion time, and detector normalization.

Counter resolving time corrections were not necessary because
of the low count rates involved. Other corrections often employed,
such as finite size source and detector corrections, were not con-

sidered appropriate for the presentation here and therefore were not

appiied.
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Experimental Errors

I+ is extremely difficult to perform a rigorous error analysis
of the data of this report; however, it is felt that such is not
needed for this data to have meaning for the purposes considered
here.

In general, for the bare foil data, the deviations of the data
in the cavity region from a smooth curve through them is only a
fraction of one percent; the maximum observed is about ftwo percent.
At the count rates used, the standard deviation is about one percent.

The same statistics were found for the in-water data. The
discrepancies at 0.5, (.5, and 2.5 inches from the surface of the
sphere have already been discussed.

For the cadmium covered data, the deviations are considerably
higher reaching a maximum of about eight percent but averaging about
three percent. This is expected since the count rates were much
lower and one standard deviation is about three percent.

Therefore it appears that throughout the experiment, the variations

exhibited by the data can be attributed primarily to counting statistics.
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Table |
Tabulation of Foil Activation Data
In the following tabulation relative, 54 minute half-life

activities of irradiated indium foils are presented. Both bare
and cadmium covered foil activities are given for the three
systems investigated. Distances are measured from the cavity
center. The cavity-water interface occurs at 13.3| inches from
the center. This is denoted in the Table by a horizontal line
above this point. The data above the horizontal line was taken
in the through tube and the 13.537 inch point is actually beyond

the cavity boundary.



Distance from center
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Bare foils

Bare foils

( inches) 0.05 atm BF3 in 0.1 atm BF3 in
no inner sphere system no inner sphere system
{.037 1835 2016
|.537 2072 2043
2.037 2082 2111
2.537 2053 2136
3.037 2175 2076
4,037 2053 2106
5.037 2011 213|
7.037 2009 2084
9.037 1910 2112
11.037 2022 2078
12.037 1952 2066
{3.037 1890 2005
i3.537 {780 1973
13.31 1784 1967
13.81 1930 2068
14.3) 1854 1980
14.8I 1890 2089
15.31 1515 1797
15.81 1596 1819
{6.31 1243 1463
17.31 802 1028
f9.31 473 557
21,3 220 277
23.31 105 3]
25.31 51 74
27.31 24 35
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Distance from center Bare foils Bare foils
(inches) 0.2 atm BF3 in 0.5 atm BF3 in
no inner sphere system no inner sphere system
|.037 1691 1156
1.537 1696 119
2.037 1787 1185
2.537 1761 | 147
3.037 1769 1154
4.037 1769 1213
5.037 1774 1026
7.037 1749 | 160
9.037 1729 181
I1.037 1733 1182
12.037 1712 1124
13.037 1704 1170
13.537 1702 1302
13.31 1659 1215
13.81 1847 1492
14.3] 1902 1716
14.81 2019 1913
15.31 707 1762
15.81 1789 1500
16.31 1504 1394
17.31 1088 1065
19.31 560 565
21.31 280 280
23,31 143 4]
25.31 74 65

27.31 30 25
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Distance from center Bare foils
(inches) I atm BF3 in
no inner sphere system
| .037 781
2.037 773,
3.037 752
4,037 718
5.037 778%
6.037 763
7.037 763
8.037 771
9.037 748
}0.037 770,
I1.037 765
{2.037 728
}3.037 849
13,31 988
14.31 i619
[5.31 1598
17.31 1044
18,31 745
19.31 554
20.31 368
21.31 : 278
22.31 |69
23,31 |35
24,3 97
25.3| 64

26.31 34




Distance from center
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Bare foils

Bare foils

(inches) 4 atm BF3 in 3 atm BF3 in
9" inner sphere system 12" inner sphere system
I.037 1094 971
l.537 1151 927
2.037 1208 1015
2.537 1129 1025
3.037 1291 1047
4.037 1325 1086
5.037 1588 1209
6.037 1667 -——
7.037 ——— 1436
8.037 1768 ———
9.037 -—— 1450
10.037 1762 -——
11.037 ~——— 1453
12.037 —-—— 1590
13.037 1734 1435
13.537 [705 1417
13.31 1716 1359
13.81 1736 1543
14.31 1634 1546
14.81 702 -——
15.31 1539 1479
15.81 ——— 1408
16.31 1211 1219
[7.31 935 855
19.31 460 448
21.31 224 240
23.31 ) N
25,31 123 62
27.31 15 30



Distance from center
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Cadmium covered

Cadmium covered

(inches) foil activation foil activation
for 9 inch for 12 inch
inner sphere system inner sphere system

[.037 334 238
|.537 233 215
2.037 236 {80
2.537 -—- 234"
3.037 213 207.
4,037 |98 187
5.037 187 175.
6.037 199, 179
7.037 -—- |88
8.037 189 ——
9.037 -— 189
10.037 181 -——=
11.037 -—- 173
12.037 84 183
13.037 189 172
13.537 167 159
13.3]1 {58 159
}3.81 152 161
14.3] 144 . |39
15.31 125 |26
15.81 {15 109
16,31 84 87
17.31 67 48
19,31 32 24
21.31 17 12
23.3]| 14 9
25.3| - 4




-7 -

Distance from center Cadmium covered Average activation
(inches) foil activation of cadmium covered
for no inner foiis

sphere system

1.037 256 264
1.537 241 250
2.037 233 235
2.537 209 224
3.037 221 214
4.037 204 147
5.037 194 192
7.037 199 {90
9.037 207 190
[1.037 | 88 190
12.037 198 190
13.037 198 190
13.537 169 185
13.21 165 178
15.81 189 (68
14.31 162 154
14.81 152 140
i5.31 141 124
15.81 b7 105
16.3] 87 87
[7.31 63 6!
{9.31 26 30
21.31 |14 !
23,31 - -
25.3]1 --= -—-

27.31 —— —
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FLUX DISTRIBUTION CALCULATIONS *

Three standard approaches - multigroup diffusion, multigroup Sh
and age-diffusion theory - are used to solve for flux distributions
in the moderator. Of these, the multigroup diffusion and Sn theories
also give a solution inside the cavity. The age solution is valid
only in the moderator, so an integral transport method fs used to cal-
culate interior fluxes based upon exterior fluxes given by this theory.

For the mulfigroup approaches, selection of the proper cross
section set is especially important for this system, because the source
has an energy spectrum radically.different from the fission spectrum,
(see Figure |) and because the system contains a large volume of nearly
pure absorber which can cause considerable changes in the thermal neu-
tron spectrum. Cross sections sets with 2, 3, and 16 groups were used
in preliminary calculations, but these were inadequate to describe the
Pu-Be source energy spectrum and the thermal spectrum changes in the
BF3 gas. A description of the cross section set used is presented

in Appendix B.

* The contents of this section and the next two sections are presented
in compiete detail in "Thermal Neutron Flux Distributions in a Water
System with an Internal Cavity," George W. Nelson, Ph.D. Thesis,

Case Institute of Technology, November, 1966 (2)
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Multigroup Diffusion

An evaluation of the neutron flux in the water given by ordinary
multigroup diffusion theory was done by a central difference tech-
niques. A derivation of the equations used in this computation and
a discussion of the means used to speed yp convergence of the computation
is given in reference 2.

Since the validity of diffusion theory is questionable in regions
where the atomic density is small, in media in which The absorption
cross section is much greater than the scattering cross section, and
near boundaries, the application of this procedure to the present
cases leads To questionable resuits uniess comparisons are made
with a more rigorous theory or experiment. It is understandable,
however, that because of the proven usefulness of diffusion theory
in ofher sitfuations, and because of fhe difficulties of using other
procedures at the time that the NASA groups®’7 and those at Douglas®
did their work, that diffusion theory was used for critical studies.
Accordingly, in this work a comparison of diffusion theory with those
of other theories and experiments are included.

In order to simplify the comparison between the fluxes obtained
by Sn and by diffusion computations, the same 26-group cross section
set for water was used for both methods. The same scattering, trans-
port, and absorption cross sections for the BF3 gas and source
metals were also used, but all scattering in these materials was

assumed fo leave neutrons in the same energy group. In the cross
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section set used for the Sn computations, a small fraction of
collisions, about .0l for the source metals and .00l for the BFj4
gas, resuited in neutron fransfer to other energy groups. The source
spectrum and system geometry were also identical to those used in the
Sn computation.

The diffusion equations were solved analytically in the source,
the gas, and the yoid regions, and the constants involved in this
solution gave a boundary condition relating the flux at the cavity
surface to the net current there. The solution in the water was then

made by apn iterative central difference method,

The same outer boundary condition was used for the multigroup
diffusion computations as was used in the S, computation -- that is,

no return current from the outer boundary of the system. The follow-

-+ b

ing boundary conditions wers used to evaluate the flux inside the
cavity and to get the boundary conditions for the water computation.
(1) Flux finite at the origin.

(2) @ source (Rg) = ¢ gas (Rg), where R s the outer
boundary of the source.

(3) -D source V® source = -D gas V$ gas + fi/4nRS2 at Rq,
where f; is the fraction of source neutrons in group i.

(4) ¢ gas (Ry) = ¢ water (R,), which equates the flux at the
inner sphere surface, R; , to the flux at the outer

sphere surface, RO

(5) -47RZ D water V® water (R)) = -4nRiD gas V® gas (R)),
equating the net current out of the water to the net current
intfo the inner sphere,
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The Sn Method

The Sn solutions for this system were run on Argonne National
Laboratory's CDC 3600 computer, using a discrete ordinate Sn code
called SNARG ID? , which is modeled after the S code OTF. Both
of these codes are based upon the Sn discrete ordinate method developed
by Bengt G. Carlson at Los Alamos to solve the neutron transport
equation 10211
Considerable literature has been written on the subjecf.of tThe

12713 4nd the reader is referred

mathematical model used in Sn codes
to the references.

I+ was found that to solve alproblem containing 70 space points
in the S4 approximation with a 26-group cross section set, 9 groups
of‘which'conTain upscattering, about 70 outer iterations are re-
quired to bring about convergen;e with a convergence factor of .000l.
.The total computing time per problem is thus about one hour. However,
the number of outer iterations needed to obtain convergence could be
greatly reduced when a good initial flux guess was used as input to
- the problem. |In order to obtain such a good initial guess, the f!uges
were first computed using a cross section set for water with no up-
scattering, which required only one outer iteration and about four

minutes of computing time. The cross sections were obtained by re-

moving the upscattering from the water by the formulae
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no upscatter upscatter upscatter
%) Tivg T T i Y
7, i<j P
no upscatter
o. . = 0 i<J (2)

Ji
The ¢, are typical water fluxes from one problem with zero atmos-
pheres of BF3 which was allowed to run to completion at 70 outer
iterations with upscattering present. With this input flux guess,
convergence was usually obtained after about 10 outer iterations with
the upscattering cross section set.

One S;g calculation was done, and the flux shapes were not
found to differ significantly from an Sy calculation of the same
problem. [t was concluded that an S, calculation is sufficiently
accurate for calculating flux shapes; this was fortuituous, since the
iteration time required per problem is roughly proportional to the
S, order.

n

For all of the S, «calculations, a reflective boundary condition
was used at the origin. Incoming currents were taken as zero at the
outside boundary of the system. An isotropic source was distributed
throughout the source volume at the center of the sphere. The source
spectrum, which was based upon an integration of the experimental
Pu-Be spectrum of Anderson and Bond # » covered the nine highest
energy groups.

A description of the system upon which calculations were per-

formed is given in Table 2, along with a description of the actual ex-

perimental system.
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TABLE 2

DESCRIPTION OF THE EXPERIMENTAL
AND CALCULATED SYSTEMS

Description of

the Experimental System

Description of

(S.)

the Calculated System n

Outer sphere radius 33.8 cm

Inner sphere radius 11.43 or
15.24 cm

Water blanket - a cylinder of
radius 60.9 cm, height 121.8 cm

Absorbing gas - boron tri-
fluoride

Space between inner and outer
spheres filled with one atmos-
phere dry air

Source metals in the shape of a
cylinder of radius |.35 cm and
height 3.1l cm

Source metals are concentric .
cylindrical shells of staln-
less steel and tantalum con-
taining a core of Pu-Be alloy

Source spectrum Pu-Be

Outer sphere radius 33.8 cm

inner sphere radius |1.43 or
15.24 cm

Water blanket - a sphere of
radius 60.9 cm

Absorbing gas - boron tri-
fluoride

Space between inner and outer
spheres is a void

Source metals in the shape of a
sphere of radius |.765 cm
(equivalent volume)

.

Source metals homogenized

Source spectrum is Pu-Be spec-
trum of Anderson integrated in-
to group structure
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Fermi Age

This method makes use of a derivation originally done by Wallace
and LeCainel* for a point source in a non-absorbing spherical cavity
surrounded by an infinite moderator. |t was extended by Safonov
to apply to a cavity completely filled with a homogeneous absorbing
medium. Safonov states that the flux exterior to such an apsorbing

cavity can be described by the relation

- - Y @V(a) d (r)
o(r, 1) 0, (r) {Y e pr(a)} o (3)
moderator
where a is the cavity radius, 2, is the Waltlace and LeCaine
solution for the cavity with no absorption, and @p is the flux for
a point source of neutrons in the moderator with no cavity. ¢v and

¢p are functions only of the thermal diffusion properties of the
moderator, the age of the neutron source to thermal, and the radius
of the cavity. v is calied the 'interior greyness' and is defined by
the relation

Net current into the interior
Flux at interior boundary (4)

The techniques used here are simply the evaluation of Safonov's
equation with two modifications.

Safonov uses a single Fermi age in his calcufations. This is not
strictly correct except for a monoenergetic source of neutrons, but
for the fission spectrum (see Figure 1) it gives a good answer. This

is not so for the Pu-Be spectrum, and so in the calculations done here
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the energy spectrum was broken up into several groups, and an average
age to thermal was calculated for each group. Then the flux due to
+he entire Pu-Be energy spectrum was calculated as the sum of the
fluxes due to each group source weighted by the fraction of the spec-

trum in that group, i.e.
®(r) = ? f' ¢(r;Ti) (5)

This summation Is possible because there are no interactions between
neutrons originating in different age groups.

This principle is illustrated in Figure 2, where the fluxes
¢(r,ri) from each of eight age groups are shown individually, to-
gether with the summed flux for the whole spectrum.

A second modification was necessary so that the method could
apply to a problem with a void, internal concentric spheres, and a
source. This was done by an iterative integral transport method for
evaluating <y for the more complicated interior. In the iteration,
an initial value for y was used to calculate the Fermi age flux in
the water. With this flux the integral transport method was used to
calculate the net current and flux at the cavity surface, the rafio.of
which gave a new y. This new y was again used to calculate a Fermi
age flux. When two successive values of y differed by less than one

part in IO-S, the iteration was stopped and the Fermi age fluxes

printed out.
Since y is a slowly varying function of the initial flux shape,
convergence comes quickly; a typical probiem converges in 3 or 4

iterations with an initial guess for y which is 20 percent high or




flux ~—e

Relative thermal

-3

-~ 27 =

Bl ' ENR i R ‘
==t s a8 S
= SebeteE J_L’lA - i -
T -
s CoaRh INRRREERR
S/ AnNNENNEEEN NN AR T T
= oo - | 1 -
I I ! T
|} N ! : i
RS I Pt \\\“ i : AN
- ! i i = H63.6 (R - k 1 i \\s
= = - = ; i = 39 L] E : _ L \\\\ E i 3 I N -v.i
e == SnbsE | L PanaVil \;‘\\\ : \\ =
SSEEE==CEENN alad N \\\\{\ | '\*
S - SRR ERIRL TN N RN
1075 - SRives ZasU i E\ NN
LIS = TN\ ~ C O\ LN
1= 12: AN\ N\ NN \
] K ' ; i AANEE :
= e FN N
S-=ENESSERcE
10°®
i
- S e
EREANES A EEEENRAEE
1077 I + 11
0 10 20 30 40 .50 60

Distance from center, cm —e

Figure 2. -- Lower curves: individual group fluxes in the water from
eight age groups for the I2-inch internal sphere system
with 2.0 atmospheres BF3 filling. Upper curve: the Pu-Be
spectrum flux, which is the sum of the lower curves.



- 28 -

low. The validity of this method is demonstrated by the fact that
v's calculated for the no-inner-sphere case by this method agree with
those calculated from Safonov's results to within one percent.

The thermai diffusion parameters for ordinary water which were
‘'used in the Fermi age calculations are the often-quoted values of

2.72 cm for the diffusion length and .164 for the diffusion coefficient.

These yield Za of water of .022 cm—I and zfr of 2.032 cm '. The

boron absorption cross section used in the calculation was the Max-

wellian average at 293°K based on the 2200 m/s value of 755 barns.

T:n , tThe average age to the 1.457 ev indium resonance for group i,‘

and fi , the fraction of the source spectrum in group i, were
evaluated by numerical integration of the functions

B

t(E) F(E)dE

LU ! (6)

i
FC(E)dE
Li

Eni
J F(E)dE
E, . .
L
and f = ——m—"‘—— (7)
J F(E)dE
(o]

where t(E) is the age to indium resonance as generated by the
CHRONOS Monte Carlo code 13 and F(E) is the Pu-Be spectrum of
Anderson and Bond ¥ . The age to thermal, rather than the age to

indium resonance, is used in the calculation, and so the age from



. in
dium resonance to therma! of |.0 cm was added to each of the T 16

Formulae for ¢p and @V for finite spherical systems are also

included in the report by Wallace and LeCainelq; these functions
could be used in Safonov's equation instead of the ones for infinite

media. However, the solution done here could use the simpler infinite

medium solutions because the minimum surrounding thickness of moderator

is 27.1 cm , and this is effectively an infinite medium for light

water.

¥t is inferesting to note that if one performs the summation

-in in
T

one gets the answer " = s3.5 cm2, which is in good agreement
with the experimental value of Tin = 52.8 ¥ 2.5 cm? reported by

Valente and Sullivan 17,
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Integral Transport Method of Finding the Interior Flux

| ¥ the neutron distribution in the moderator is known, then this
distribution can be used to calculate a source term for those neutrons
passing through the cavity. That is fo say, each small volume element
of moderator is considered to be a point source of neutrons. The
strength of this source is equal to the scattering per uniT.volume at
the point times the dV volume element. One can then calculate the
fraction of neutrons from that point which pass through any part of
the interior. In this case it was assumed that there is only absorp-
tion and no scattering in the interior. {in this method, the source
term, modified by the geometric attenuation and the exponential
attenuation passing through moderator and gas, is integrated over the
volume of the moderator. This yields a rather complicated double
integral for the interior flux and currents which is solved by num-
erical integration. Derivations of the integrals for two systems are
presented inreference 2; the first is the simplest case of a sphere
uniformly filled with absorbing gas and surrounded'by moderator; the
second is the most complex system which consists of five regions:
(1) moderator, (2) a thin, absorbing shel! (aluminum or deposited
boron), (3) a void, (4) absorbing gas, and (5) an absorbing central
sphere to mock up the absorption of the source metals. Any one of
the regions in the latter system can be eliminated to make a simpler

system. For example, the width of the void region can be made zero

in order to give the no-inner-sphere case.
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The accuracy of this method depends primarily upon how ‘well one
knows the flux in the moderator, and upon the assumption of no
scattering inside the sphere. The assumption that there is no thermal
scattering in the source metals is valid since the source is small
and located at the origin; neutrons scattering from the source would
give almost the same neutron distribution as neutrons passing through
the source. Furthermore, the absorption cross section of The source
metals is about four times as great as the scattering cross section,
so most of the neutrons which enter the source are absorbed there.

The assumption of no scaTTering within the sphere is not basic to
the method, but if scattering is allowed wifhin the sphere, the source
of neutrons passing through the sphere is also inside the sphere it-
self, and so two changes are necessary: (1) the integration must
extend over all scattering sources, so it must include the whote
sphere, and not just the moderator, and (2) repeated iterations are
needed since sources in the sphere are calculated by the preceeding
integration.

Such a procedure was not necessary in this case since for .025 ev
neutrons the scattering cross section of BF3 gas is only 16 barns,
compared to 755 barns for the absorption cross section.

This internal integral method was used fo tind the interior flux
for all calculations which used the modified Fermi age method for the
exterior flux. The source of thermal neutrons was calculated as the
product of the scattering cross section, the flux, and the volume

element.
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q(l") = L o(riydv (8)

This integral procedure could also be used fo solve for interior
fluxes using outside fluxes calculated by a multigroup approach. In
this case, the interior flux would be calculated for each group, and

the source for any group i would be calculated as the sum

qi(r) = zj+i ¢j(r)dV (9)

where zi+j is the product of the macroscopic cross section for
scattering times the probability that a neutron in group j will
change energy on scattering enough to be in group i.

The method can also be adapted to give the parameter <y which
is defined by equation (4 ) for a given flux distribution. This was
done in the calculations in which the exterior flux was calculated by

the age method.
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COMPARISON OF RESULTS

Figures 3 through 15 show thermal flux distributions for three
sphere geometries determined by the following four methods:

(1) 26-group Sn calculations -- the thermal flux was chosen
to be the sum of the fluxes in groups |9 through 26.

(2) 26-group diffusion calculations -~ thermal flux chosen to
be the sum of the fluxes in groups |9 through 26.

(3) An age calculation of the exterior fluxes coupled with an
integral transport method for the interior fluxes.

(4) Experimental thermal flux distributions derived from indium
foil activations.

The quantity which is ploffed as thermal flux for the Sn and
multigroup diffusion computations is the sum of the computed fluxes
in groups |19 through 26, which are the eight lowest energy groups of
the 26-group set. These groups cover an energy range from .00l to
.2 ev. It is difficult to say exactly what the upper energy cutoff

.for thermal energies should be, but this was chosen because the Max-
wellian distribution for room temperature neutrons drops off sharply
at .2 ev. At any rate, whether the highest thermal energy is

chosen To include groups {8, |19, or 20 makes little difference in the
thermal flux graphs, since only a relatively small part of the thermal
flux is in these groups.

Figure 3 shows a comparison of the magnitude of thermal flux
found by the three analytical methods. The curves show the resultant
thermal neutron flux from a unit neutron source. The flux found by

the diffusion theory method is significantly greater than either that
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found by Sn or age theory. Since the diffusion theory calculation
uses the same absorption cross sections in the cavity, it can be
concluded that a lower critical mass would be found by diffusion
theory for this type of system.

In the rest of the figures the theoretical fluxes are individually
normalized to best fit the experimental thermal flux data points at
the surface of the outer sphere.

tn Figures 4 and 5, all three analytical methods seem to give a
good agreement with the experimental fluxes from the two single
sphere cases with BF3 fillings. 1In Figure 6, which is the single
sphere case with no BF3 filling, the age calculation gives fluxes in
the water which are almost |0 percent higher than those found either
by experiment or by the Sn method. This does not necessarily prove
that the age treatment does not work well for this system for two
reasons: (!) Because of asymmetry of the source emission and also
because of a possibility that the flux depression factor used to
correct the experimental data in the water may be low, it is possible
that the experimental flux in the water should be higher. The effect of
source asymmetry is discussed in Appendix C. (2) Since the age method
does not use the same high energy water cross sections as the Sn
method, a direct comparison between the two methods is difficult.

Some of the difference shown in Figure 6 may.noT be due to the method,
but rather to the use of different input data to calculate the para-~
meters describing the fast neutron penetration in the water.

Except for normalizetion, there appears to be a close similarity
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between the Sn and multigroup diffusion results for the system with
no internal sphere. This agrees in part with the findings of Plunkett
and Holl 8, who found agreement between Sn and diffusion calculations
for systems both with and wlthout Internal spheres. Unlike the re-
sults of Plunkett and Holl, however, a considerable difference was
found between the 5n and diffusion theory fluxes for Internal sphere
systems in this case. This can be seen In Figures 7 through i0 .
These results are so different from the other two analytical methods .
that a check was made on the multigroup diffusion calculation procedure
by performing calculations using the cross section sets and system
geometry used by Plunkett and Holl for two graphite-U235 systems. The
agreement with thelr flux distributions (Figures 3.1 and 3.2 In SM-
44041) both with and without an inner sphere was perfect, as It should
be*. Assuming their Sn calculations are also correct, 1t becomes
obvious that the conclusions made by Plunkett and Hol!l regarding the
similarity of results from the two methods is true only for their
particular system.

Ragsdale and Hyland ® qua lify their use of diffusion fheory by
referring to a statement by Safonov  that diffusion theory is ade-
quate if the interior greyness, vy , (defined by equation (4 ) of this

thesis) is less than 1/3. The results pictured in Figures 7 through

*The fact that the flux distributions were identlical conflrms the
validity of the assumption which was made In derlving the analytical
diffusion solution for the interior -- that there is no significant
energy transfer in the scattering of neutrons in the gaseous core.
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10 show that this is not an adequate criterion. The Plunkett and
Holl graphite-U233 inner-sphere system calculated here had a maximum
y of .1115, while the water~-BF3 system pictured in Figure |0 had a
maximum y of only .09773. Safonov's criterion indicates that the
water-BF3 system is more nearly correct, and this is certainly not
true. Furthermore in the most extreme case of one atmosphere of BFj3
in the no-inner-sphere system, y had a value of .4268, which is
significantly above /3, yet the agreement with the Sn calculation
Is good (see Figure 4). Obviously a more valid criterion for the use
of diffusion theory is needed. Since Plunkett and Holl made compari-
sons with the more rigorous Sg method over the whole range of geo-
metry and cross sections which their calculations covered, they are
Justified in their use of diffusion theory. The conctusion of this
comparison is that workers in the field who use diffusion theory
should make comparisons with a rigorous theory or with experiment.
Calculated and experimental thermal fluxes for the two internal
sphere systems are compared in Figures 7 through 10, Both Sn and age-
infegral‘franspor+ agree with experiment in the water and in The'void,
but are significantly less inside the BF3 core. |t is likely that
the experimental fluxes are incorrect here because of neutron stream-
ing in the through-tube. The outer qiame#er of this tube is I-1/4
inches and the radii of the two internal sphere systems are 4-1/2 and
6 inches. Since many of the neutrons which are absorbed in a foil
enter the foil from a direction nearly perpendicular o the flat foil

surfaces, a significant fraction of such neutrons will have passed
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through the air in the fube rather than through the BF3 gas in this
case. Another cause of the experimental flux being too large is that
the difference in thermal neutron spectra between the void and cavity
was not taken into account to correct for self shielding in the foil.
The effect of this cause is probably much less than the former, how-
ever.

The infegral transport calculation agrees fairly well wiTh the
Sy, results inside the cavity, except for showing a lower flux and
thus greater absorption in the gas. This is probably because the
boron absorption cross section used in the integral transport calcu-
lations was the Maxwellian average at the moderator temperature. This
is identical to the way most previous workers have calculated cavity
absorption cross sections, and it is not correct. As will be discussed
in detail in The following pages , spectrum hardening in the pre-
sence of the absorbing gas causes the actual absorption cross section
to be considerably less.

Figures 11, 12, and 13 are composite curves of the three sphere
systems at all BF3; filling pressures for which experimental acti-
vations were measured. The experimental points are not included, but
the comparison of experiment to theory for these figures follows the
same pattern observed in Figures 4 through 10, where there is good
agreement at all points in the single Sphereisysfem, but only in the
void and moderator in the systems with internal spheres.

Figures l4and 15 show the effect of having one atmosphere of

BF3 evenly deposited on the interface instead of being in gaseous form
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inside the cavity. These calculations are included since it is
suspected that some boron may have been deposited on the inside of
the outer sphere, and that this may have been a cause of the peaking
phenomenon. These figures show that such a deposit will result in
peaking. Unfortunately the inside surface of the sphere was not
tested for boron deposits after the experiments, so the magnitude of
this effect in the experimental data is open to conjecfure..

The relative fluxes in the low energy groups give an idea of
the thermal spectrum and the way it varies within the system. Figure
l6shows a typical flux spectrum hisTogram in the water from the Sn
computation, with the experimental spectrum of Poole superimposed.
It appeafs +o agree weli wffh Pooie's data. A Maxwellian distribution

of neutron energies with equal to 291°K gives a good fit

Teffecfive
to Poole's data except above .2 ev, where the Maxwellian has a sharp
drop-off with higher energy, while Poole's spectrum has a |I/E tail.

One way of showing how the spectrum varies between different
parts of the system is to calculate the average temperature of The'
thermal neutrons from the multigroup fluxes. This'has been done with
the Sn results, and the average temperatures are labelled Ta on
Figures 4 through |0 . This average spectrum Temperafure was calculated

be weighting the average neutron temperature of each group by the

fraction of the flux in that group using the formula

26
z i
“ o 0T
_i=19 %i'a
T =5 (10)
z d.

=19 !
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T;, the average neutron temperature for each group was obtained by a
numerical Inftegration of the formula

€

Hi

i 8 R B/ dE

T — (i
Eui F(E) dE
JEL;

where F(E) is the thermal flux spectrum from the experimental work
i

of Poole, and k Is Boltzmann's constant. The values used for Ta

are listed in Table 3.

TABLE 3

GROUP NEUTRON TEMPERATURES

WEIGHTED BY POOLE'S SPECTRUM

Group No. T;, Group Averaged
Neutron Temperature
i °K'
i9 1883.5 .
20 1336.0
21 958.4
; 22 616.0
23 - 344.4-
24 176.7
25 84.6

26 31.8
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If a neutron energy spectrum is Maxwellian, the energy distribu-

tion is given by the relation

= ()2 - 2)
nE) = (G exp (E/T) (I

where Te is the effective neutron temperature. The average tempera-

ture of all neutrons in the Maxwellian spectrum is given by

f” n(E) E/k dE

T -0 =27, . (13)
j» n(E)dE
(o]

Thus, it Is expected that the quantity labelled Ta on the figures

is about twice the effective neutron temperature. This is only an
approximation because although the fiuxes calculated in the water by
the Sn method seem to dlffer only slightly from Poole's spectrum and
thus from the Maxwellian, the fluxes inside the cavity show a spectrum
quite different from the Maxwel!lian. Also, unlike the flux, the
average temperature is very sensitive to the choice of thermal energy
cutoff.

Figure 17 shows the way the spectrum changes with increasing B8F;
pressure in the single sphere system. The hisTogréms show the éverage
cavity spectra from the Sn computations with 0.0, 0.5, and 1.0 at-
mosphere BF3 filling. The upper line is nearly idenficaf to Poole's
spectrum, as in Figure |6, As might be expected, when there is no
absorbing gas in the cavity, the spectrum inside the cavity is nearly

identical to that in the water. The |ines drawn through the histo-

grams are not fitted curves, but are intfended to make the histograms
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easier. to read. .It can bé seen that the change in.spectrum is most
pronounced in the lower energy groups, for which the boron absorption
cross section is much greater.

It is often stated that the Maxwellian spectrum will continue to
have the Maxwellian shape with a higher effective temperature when a
I/v absorber is introduced into the sysfemlg. This, of course, is
not true in a cavity system where the moderation is external to the
absorber.

The average temperatures are one way of iljustrating the fact that
the thermal neutron spectrum changes from point to point within a
glven system. Figure 18 shows some typical spectrum histograms for
three different locations in the nine-inch internal sphere system with
4 atmospheres BFy filling. Again it can be seen that the thermal
flux spectrum in the BF3 gas is quite different from that in the
moderator, especially for the lower energies.

The benefits of a cross section set with many thermal groups and
with upscattering are very great for a problem of this nature. As an
example, consider the effective magnitude of the thermal absorption
cross section of boron in the BF3 gas when it is'averaged over a

calculated spectrum using the averaging procedure

26
I ¢.UB.
. iCai
goron  _ =19
a e (14)
z 0.
i=19
where Qi is the flux calculated by the Sn computation, and the
B .
o_. are the group absorption cross sections of boron from the |ibrary.

al
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f ® Is the flux in the water or the flux in the cavity with no

BF3 filling, the average absorption cross section is 654 barns, which
is fairly close to the Maxwellian average of 669 barns. The average
value of this cross section decreases considerably as the BF3 filling
Increases. With 0.5 atmosphere of BF3 in the single sphere system,
the spectrum average of this cross section varies in the gas from 585
barns at a distance of 3 centimeters from the center to 600 barns at
33 centimeters. Finally, if the averaging is done with the fluxes in
the single sphere system with 1.0 atmosphere of BF3 , the average
value of the absorption cross section of boron ranges from 550 barns
at 3 centimeters to 580 barns at 33 centimeters.

These spectrum-averaged cross sections are only approximate, since
the group cross sections in each case are all based upon.the same
spectrum; however, the group structure is sufficiently narrow that the
change in spectrum within a group will result in a small change in the
group cross section. The above calculations illustrate that the
absorption cross section of boron varies by as much as 5 percent with-
in the gas region itself, and varies by |6 percent from the gas to the
moderator. From this it could be concluded that a.calculafion using
only one thermal group would be inaccurate in predicting thermal ab-
sorption in an externally moderated system unless the thermal neutron
s pectrum invfhe absorber were known in advance and used to generate the
cross sections.

It is here where other workers in the field of externally moder-
ated reactors have been in greatest error. Using a single thermal

energy group for a range of absorber concentrations is incorrect.
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Specifically, taking the average absorber cross section to be the
Maxwel | ian average at the moderator temperature will always give too
low a critical mass; the magnitude of the error becomes greater as

the concentration and energy dependence of the absorber cross sections

Increases.
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REDUCTION OF Sn DATA TO FOIL ACTIVATIONS )

The most common and the simplest way of comparing indium foil
activation data to theoretical calculations is to reduce the foil data
to thermal fluxes using formulae, graphs, or tables for the particular
foll size which are available in the literature®?221222223 | 1his
method was used to find the experimental thermal fluxes shoyn on all
of the figures in this and in the previous work
reported. However, from the discussion on spectra, it is obvious
that more information is available from the multigroup Sn calcula-
tions than was used in the determination of the theoretical thermal
flux. |t is known that the spectrum varies significantly in the
system, and that the factors relating foil activation to thermal flux
are spectrum dependent. A better comparison might therefore be made
by reducing the Sn calculations to theoretical foil activations. It
}s quite difficult to take the spectrum into account when foll data
are reduced to fluxes; it is somewhat less difficult to reduce The‘
theoretical fluxes in a calculation with many therhal groups to theo-
retical foil activations.

First a correction is made for self shielding of neutrons in the

foil. According to Hanna?!

, This is the only effect for which cor-
rection is necessary if the foil is irradiated in a cavity so large
that a vanishingly small number of neutrons passing through the foil

are ever scattered back through the foil again. The correction for

this effect has the form
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Ac (/2 - Eqto))
T

X (1 + €) (15)

o}

where 1 is the foil thickness in mean free paths, Ej3(t) 1is the
third order exponential function, and ¢ 1is a small edge correction
factor.

Ina scattering medium such as water, a correction is also made for
the depression of the incident flux due to the absorption of the foil.
Several formulae are reported for correcting for this effeét, and all
have the general form

=1
Fy,t) = 1 + [1/2 - E3(1)] g(R,Y) (16)

where vy is defined as ZS/vE-TOfal

for the scattering medium, R is
the radius of the foil, and g{(R,y) Is a factor approximated by
different methods by various authors. The Rifchie—Eldridge22 method
with an edge correction modification was chosen here since it was re-
ported to give good agreement with the experiments done in water by
Walker gI_gl?O with 2 cm diameter indium foils, and also by Shook
gi_gl?3 for dysprosium-aluminum foils.

tn the RiTchie-Efdridge method, g(R,y) is evaluated from the

formula

9(R,y) = 3L/2x S(2R/L) = K(2R/A,y) (a7

where L and A are the diffusion length and total mean free path
of water, respectively, and the function S(X) is defined by the in-
teqral

1
S(X) =1 - 4/x J [ | e dt, (18)
)
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k(x,y) Is defined by .

- 9 s hyey) (19)
Kx,y) 1/2 on: Y T‘Tﬁ_Y_T ’

and the function h(y,y) is defined by
|- 2 1-
hey,v) = yy {in T?%' + %g-tnn (TI¥° + 721} . (20)
To get the factors needed to reduce the multigroup data to foil

activations, group self-shielded cross sections were computed by

evaluating the integra!

Eiys
Hi

c F(E) o, (E) (/2 ;(Eg(t(E)) {1+€)dE
 self-shielded _ ~_Li
I activation E

Hi

F(E)dE ‘
ELi | (21)

where oa(E) is the absorption cross section of indium at energy E
calculated from the resonance data published in reference 24, and F(E)
is Poole's spectrum. The integration was done by a 60-point strip in-
tegration procedure using a 6-point Newton-Cotes formula of closed
+ype25. The E3(x) functions were calculated by evaluation of the
series

o n
Ey(x) = & ﬁ?ﬁi - .572216 ~ InX, (22)
n=1 ) ' '

combined with the recursion relation

=X

E 00 = (e = XE__ (X))/(n-1) (23)

The activation cross sections corrected for flux depression in the
watar were found by evaluation of the integral

flux depression
activation i

EHi e
| e eryrey (M2 BB, ey (g
E a T(E)

Li (1/2 = Ea(1(E))) g (R,y)) dE (24)

JEHi F(E) dE
d
ELi
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where g(R,y) is defined in equation 23 and y, L, and X were
calculated as a function of energy from cross section data taken from
BNL 32524728, For arguments less than 4, the function S(x) was

calculated by evaluating the series

o (-1 M 1-*(’-"-;—3>

L m-+y

. , (25)
m=1 (m+1)! P(—7—)

st = 2
m
which is given as equation (33) in the report by Ritchie and
Eldridgezz. For arguments greater than 4, so many terms of the sum-
mation were needed that it was quicker fto evaluate S(x) by an 8-
point strip integration of equation 24. The function K(X,y) was
also calcuiated by the |8-point sTrfp integration procedure. The
functions S(x) and K(X,Y) calculated in this way reproduced the
graphs of these functions given by Rifchie and Eldridge in reference
22, No significant difference was found between the edge effect cor-

rection used by Walker et al, who used

T + | T
3 LAV I 4 26
€Tz *RX &8 (26)

and that used by Shook et al, who did not use the € factor, but

instead calcutated 1 by the relation

I+t
T o= (=2 ) (27)
I+

o]+

where R is the foil radius, and t+ is the foil thickness.
Corrected group absorption cross sections for the indium foils
used in the experiment were calculated by numerical integration of

equations (21) and (24). These data and the corresponding uncorrected
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group cross sections are listed in Table 4. The correction group ab-
sorption cross sections were used to calculate theoretical foil acti-

vation from the multigroup Sn fluxes using the summation

26
T corrgcfed o (r) (28)
. =13 abs i i
Activation (r) = =TS
corrected

where In the cavity ¢ is the indium group absorption cross

abs i
section corrected only for self-shielding, and in the water it is the
group absorption cross section corrected for both self—shle[dlng and
flux depression.

Some errors are evident in the calculation of the corrected cross
sections, but it is expected that they are minor. First, the correc-
tion equations assume an isotropic flux. The error introduced be-
cause of this is probably small because the gradient is small compared
to the mean free path of the neutrons in water everywhere except at the
interface. Some error may also come into the group cross sections be-
cause they are weighted by a water spectrum instead of the actual
spectra. However, since narrow energy groups are used, this should be
small. As a check upon This effect, an identical set of calculafions
was performed with unit weighting; the corrected group absorption cross
sections calculated in this way differed at most by three percent from
those weighted by Poole's spectrum.

Figure 19 is an example of the theoretical indium activation
calculated from the S, fluxes usiné equafién (28) and the data in
Table 4. No flux depression correction was made anywhere in the cavity,

and the flux depression was assumed to be constant for all points in
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TABLE 4

GROUP ABSORPTION CROSS SECTIONS FOR 1{.2-cm-diameter, .005-
inch-thick INDIUM FOILS IN WATER: UNCORRECTED, CORRECTED FOR SELF-
SHIELDING, AND CORRECTED FOR BOTH SELF~SHIELDING AND FLUX DEPRESSION

Group NUmben ELi - EHi Average Self-Shielded Fiux Depression
| Energy Range, ev B:;ns BgLns Bgins
I3 30 - 100 |4 1.3 1.3
14 10 - 30 24.3 5. | 9.3
15 3 - 10 60.1 44.1 33.3
16 I -3 25049 381 | 218.3
17 4= 137.3 9.3 103.9
18 2 - .4 87.5 80.0 72.7
19 14 - .2 94.2 85.6 76.7
20 NI 104.2 93.9 82.8
21 .07 - .1 7.4 104.7 90.5
22 .04 = .07 141.2 123.6 103.0
23 .02 - .04 183.6 1560 121.2
24 01 - .02 251 .4 204.2 143.2
25 .004 - .0I 362.5 275.3 170.7
26 .00 - .004  599.4 400.7 209.4

the water. This is not correct near the interface either in the water
or in the cavity. For cavity folls located within a few foil diameters
~of the interface, some flux depression would exist, and so the activa-

tion there would actually be less than that given by equation (28),
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For in-water foils located so near the interface that some of the neu-
trons passing through them could also have passed through the cavity,
the flux depression correction is too great, and thus the actual
activation would be less than is given by equation (28), It is
reasonable to expect the foll activation to be continuous across the
interface, while the use of a constant correction for all points in

a region causes the calculated activations to be disconfinuqus. Thus,
near the interface in Figure !9, dashes are used to show the calculated
activation, while the dotted |ines show a guess of what the foil acti-
vation might be if the correct f!ux depression factors could be found
for these points.

The calculated activation does not include neutrons above 100 ev
in energy, and so a correction was made to the first five experimental
data points to subtract the smail amount of 54-minute activity which
is caused by fast neutrons from the source. The amount of the correc-
tion was determined experimentally by counting cadmium-covered foils
which had been irradiated at various distances from the unmoderated
source. '

The experimental activations agree with the calculated activation.
However, it cannot be stated definitely that the agreement between
experiment and theory is better than in Figure 4, where experimental
flux is compared to theoretical fluxbfor Thevsame system. The dif-
ference between these two comparison methods is smaller than the ex-
perimental uncertainties, especially the asymmetry of the source

emission and the perturbing effect of the through-tube.
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CAUSES OF THE PEAKING PHENOMENON

Two possible causes of the peaking phenomenon have been mentioned
in previous sections. These will be summarized here, and a third
equally probable cause will be cited.

First it must be mentioned that the experimental work is divided
chronologically into two periods. The work done in the first period
is described in reference |. The more recent work used the same four-
pi gas flow counter and the same irradiation procedure, but the count-
ing procedure and data reduction methods were quite different. The
latter have been described above. None of the experimental fluxes
In the second period show peaking at the center of the sphere, although
some of the sphere systems measured were identical to those which
showed peaking in the first period.

One suspected cause of peaking is the asymmetry of the Pu-Be
source. Such asymmetry probably would cause the activations measured
In the through-tube to be greater in the cenfer and less at the inter-
face than would be measured with a symmetric source. However, it is
unlikely that this was the only or the major cause, since the same
source was used in both periods.

The Sn and age-integral TransporT solutions show that highly
absorbing deposits at the interface do cause peaking toward the center.
There may have been deposits of boron on the inside of the sphere;
early in the first experimental period a leak developed in the single

sphere system with one atmosphere of BF3 filling. When the leak
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was discovered the sphere was nearly half full of water and all of

the gas had reacted with the water. [t is likely that some of the
reaction products of BF3 and water form insoluble compounds with
aluminum. The measurements were continued after the leak had been
repaired and the inside of the sphere had been washed with deionized
water and air dried. A new single sphere system was made with new
aluminum hemispheres for the more recent experimental work and this
could explain why no peaking is observed in the thermal fluxes
measured in the second period. On the other hand, the shape of the
peaking calculated by the two theoretical methods is quite different
than that which was observed experimentally (compare Figures |4 and
15 to Figure 20).

The third possibility, which has not been mentioned until now,
is that some errors may have been involved in the correction of the
activation data forthe 4-1/2 hour activity of indium-115, As was re-
ported in reference |, the amount of this activity was found by
taking repeated counts of a few foils which had been irradiated with
cadmium covers, so that the shape of the decay surve could be found.
The relative fractions of 4-1/2 hour and 54-minute activity for cad-
mium~covered foils could then be found. The assumption was made that
the amount of 4-1/2 hour activity which was produced was dependent
only upon irradiation position and irradiation time, and not upon BFj
pressure or whether the foil was covered with cadmium during irradi-
ation. |t is possible that the correction factors used were not

sufficient, or were not applied properly to the experimental data.
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Since the fast neutrons which cause the 4-1/2 hour activity come from
the source, It would be expected that the amount of this activity
would fall off as 1/r2 at distances from the source large enough
that the source looks like a point source. This possibility seems
tikely, since the difference between the experimental data and a flat
flux in the cavity goes roughly as }/r2 . The data reduction method
in the second period used a more reliable method for correction for
this activity, and thus such peaking, if It is due to 4-1/2 hour
halflife activity, would not be found in those data.

In summary, this work has found three possible causes for the
peaking phenomenon reported In reference |. it has not been possible
to pinpoint any single cause. However, it has been established by
theoretical calculations and further experiments that the peaking re-
ported in reference | is not the correct flux shape in a water-BFg
system with the gas uniformiy distributed In the cavity and with a

uniformly emitting source of fast neutrons at the center,
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CONCLUS IONS

Thermal flux distributions calculated by three theoretical
methods were found to agree with those measured by indium
activation for single sphere systems. For systems with the
absorbing gas confined to a smaller Internal sphere, the
theoretical fluxes agree with the experiments only in the
moderator and void region, and not Inside the internal sphere.
It is suspected that the experimental data are in error in this
region because of neutron streaming in the tube passing
through the center of the internal sphere, In which the indium
foils were located.

The flux shapes calculated by Sn theory and diffusion theory
were found to be quite similar for single sphere systems and
quite different for systems with infternal spheres. The dif~
fusion theory fluxes are greater in magnitude for all systems,
and so diffusion Theory.calculafions would be expected to give
a lower critical mass than Sn calculations. M is conciuded
that the use of diffusion theory in a cavity system is question-
able untess comparisons are first made with a more rijgorous
theory.

The use of age theory in the moderator coupled with an integral
transport method for the cavity gives thermal flux distributions
which are close to those found by Sn' calculations, but with

somewhat lower fluxes in the absorbing gas. It is believed that
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this is due to the use of a single average thermal absorption
cross section for the gas in the integral fransport solution,
which did not take into account the difference in thermal neu-
tron spectrum between the cavity and moderator.

The multigroup Sn calculations indicate that there is a con-
siderable change in thermal neutron spectrum inside the cavity
and thus that using a « . multigroup cross section set with
only one thermal group would be incorrect unless the spectrum
were known in advance.

A comparison of theoretical indium foil activation with experi-
mental foil activation was attempted. It was not possible to
judge definitely whether this method of comparison is better
than comparing experimental fluxes with theoretical fluxes be-
cause of experimental perturbations caused by the presence of
the through-tube and asymmetry fn the fast neutron emission of

the Pu-Be source.
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NOMENCLATURE

Atomic mass
Diffusion coefficient in region x

Neutron energy

- Low energy |imit of energy group |

High energy limit of energy group |

Fraction of neutrons in the source spectrum which are in
group |

Neutron energy spectrum used as a welghting function In
an integration

Neutron flux

Fiux due to a polint source of neutrons in a moderator
with no cavity

Flux in the moderator due to a point source of neutrons
at the center of a spherical void

net current Into Interijor
flux at interior boundary

Interior greyness =

Fraction of scatterings In energy group i which result
in an energy change such that the resuttant neutron
energy 1s within the limits of energy group J

Thermal neutron diffusion length

Magnitude of emission of a source of neutrons at r
Radlus of outer sphere

Radius of inner sphere

Radlus of source

Neutron source in energy group i

Energy dependent macroscopic cross section

Energy dependent microscoplc cross section

Average cross section in energy group |
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Teffec*rive

upscattering

Subscripts:
a

tr
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ZS for group i times Ii»j

g_ for group i times

s L]

Effective neutron temperature of a Maxwellian distri-
bution

Average temperature of all neutrons in energy group i

Average temperature of all the neutrons in groups 19
through 26 in the energy group structure used here

Age to the 1.457 ev indium resonance as a function of
energy

Average age to the indium resonance

Scattering of neutrons which results in a net Increase -
in neutron energy

Neutron velocity

Absorption

Average for group |
Removal from energy group
Scattering

Total

Transport
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Appendix A
Neutron Lifetime Measurements

The mean neutron lifetime of two systems were measured using
a pulse-neutron technique. A complete study was not undertaken
and only a few measurements were made to determine an approximate
|ifetime value for these systems. The systems examined were the
single sphere with 0.5 atmosphere of BF3 and the nine inch inner
sphere system with an air filling.

The neutron source was a pulsed deuteron beam on a trituim
target using a 400 KEV Van de Graaff accelerator as the deuteron
beam generator. The accelerator beam tube was moved through a
porthole in the water tank and brought to the sphere surface.

The ideal position of the target would have been the center of the
sphere system but this was not possible. Furthermore, the decay
of the system is considered to be independent of the position of
the pulsed source once the higher harmonics are gone.

Both BF3 proportioned counters and a neutron scinti!lation
crystal were used as detectors. The scintillation crystai system
was preferred because it had a higher count rate, but because of
its bulky geometry, it could only be used in the water and not inside
the cavity. The results obtained with either detector at the same
position agreed well. The detector signals were fed into a TMC
model CN 110, 256 channel analyzer with a time analyzer plug-in
unit along with the triggering pulses from the neutron generator.

The channel width used was 50 microseconds.
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Figure A-1 gives the major resulfs of the measurements with
the simple sphere with 0.5 atmosphere of BFB’ A value of 343
microseconds was obtained at the sphere center using a BF3 counter
in the through-tube. This value did not change significantly until
the cavity-water interface was reached. The lifetime was very
sensitive to position in this region and dropped rapidly as the
position was moved into the water up fo a distance of about two to
three inches from the sphere surface. The |ifetime value then
stabilized to about 222 microseconds for the next few inches. The
value in the water shown in Figure A-1 was taken at a distance of
about four inches from the sphere surface. As a comparison, the
calculated lifetime for an infinite system of water is 206 micro-
seconds and for an infinite system of BF3 at 0.5 atmosphere pressure
is 452 microseconds.

The air filled, nine inch, inner sphere system gave results
presented in Figure A-2. Data were ftaken at four different positions:
at the center, at the inner interface, at the outer interface, and in
water. Only one curve is shown for the internal measurements since
they were all approximately the same. As expected the |ifetime inside
the sphere was very long: 88! microseconds at the center and 924
microseconds at the inner interface. The |ifetime dropped off
sharply at the water boundary to give a value of 252 microseconds
at a distance of four inches from the sphere surface. The in-water
curve showed a significant deviation from the expected exponential
decay starting about 450 microseconds after pulse cutoff. One possible
interpretation of the slower decay is that the cavity is acting as a

net source of neutrons and the decay curve shows what might be termed

"inner sphere return."
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Appendix B

SELECTION OF GROUP CROSS SECTIONS

After the selection of a method of attack, the first problem in
any nuclear reactor calculation is the selection of the cross sections
and other nuclear data which are used by the method. For S and
di ffusion theory calculations, these data are the multigroup cross
sections and their associated scattering matrices. For age.calcula—
tions, the age from the source energy to thermal is needed, as well
as the cross section data to describe the thermal neutrons.

In the S, and multigroup diffusion calculations done here, two
requirements existed which called for a multigroup cross section set
di fferent from those which are most often used for reactor calcula-
tions. Most cross section sets available in the literature are based
upon a fission neutron spectrum, which is very different from the
plutonium=-beryl|ium source spectrum (see Figure | for a comparison of
these spectra). In addition to the weighting of the cross sections
in the higher energy groups by the fission spectrum, these sets have
the added disadvantage of having foo coarse a group structure in the
Mev range to describe the Pu-Be spectrum. Most such sets have only
one group over which to average the cross sections of all neutrons
above 3 Mev in energy. As can be seen in Figure !, this would be
sufficient for a fission spectrum since only a small fraction of
fission neutrons have this high energy. Most of the neutrons in the
plutonium-beryllium spectrum are above 3 Mev in energy, however,

and a considerable fraction are in the 6 to 10 Mev range.
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The second requirement is that the multigroup cross section set
to be used must give a good description of neutron thermalization.
This means that the Thermal energy range should be divided up into
several groups, with up—and down-scattering between these groups.
This Is necessary because a considerable change in neutron spectrum
can be expected between the water and the highly absorbing BF3 gas
in the cavity. Furthermore, the absorption cross secfion of boron
varles by nearly a factor of ten from the lower to the upper energies
of the thermal spectrum, so a one-thermal-group, average value for
this cross section Is not jusfified. In addition to permitting a more
accurate calculation of thermal neutron flux, the group fluxes gener-
ated with a cross section set having many groups in the thermal range
would give a good idea of the neutron spectrum itself.

The set used in the calculations was based on A 23-Group Neutron

Thermalization Cross Section Library, by R. D. Doctor and M. A. Boling

of Atomics International?’. This library is an extension of the
Hansen-Roach set for fast and intermediate reactors?®; it was ex-
tended to Includé'neufron thermalization by the addition of nine
groups which contained both up- and down-scattering, and which covered
the energy range from .00l to .2 ev.

The group structure in the Mev range was too coarse to describe
the Pu-Be source spectrum. This was.correcféd by reconstructing the

group structure at the high energy end, as follows:
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Old Set New Set

Group No. Energy Group No. Energy
[ 3.0 - « Mev I 8.0 - 10.5 Mev

2 1.4 - 3.0 2 6.5 - 8.0

3 0.9 - 1.4 3 4.0 - 6.5

4 2.5 -4.0

5 l.4 - 2.5

6 0.9 - 1.4

(Groups 6-26 of the new set are identical to 3-23 of the old set).

In order fo find cross section values for these new groups, cross
section data were taken from BNL-325, UCRL-5351, and UCRL-5226. These
data were group averaged into the new group structure by the numericai
evaluation of the integral

E

Hi
J‘ o(E) F(E)dE

£
g, = Li (81)

E

Hi
[ - F(E)dE

E .
Li

where EHi and ELi are the upper and lower energy limits of group
i, o(E) 1is the energy-dependent cross section data, and F(E), the
neutron energy spectrum, is taken as [|/E*. The new elements of the

scattering matrix, giving the fraction of neutrons scattered from

*For neutrons from a monoenergetic source slowing down in a weakly
absorbing moderator, the asymptotic energy spectrum goes as I/E. This
spectrum is approached closely after a few collisions in oxygen, and
is reached after the first collision in hydrogen. Since the Pu-Be
source is not monoenergetic, this is only an approximation and is
Justified only because the energy groups are narrow. A better choice
for F(E) might be found either by Monte Carlo or iterative muiti-
group calculations.
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group to group were calculated by evaluating fthe integral

Min (EHi,EL1/a)

ELi - ok dE
- - E 0
(1 - wE, o
| ) ELi
i+t (82)
FHi 1
£ dE,
J [o]
ELi
where a = (A=1,)? and | is the fraction of neutrons
A+ 1 ’ i+i+1
scattered from the ith to the i plus first group. This was suf-

ficlent for all materials except hydrogen, for which scattering to
all lower energy groups is possible. For hydrogen the other scatter-

ing matrix elements were calculated from the relation

' - Bhi + k ~ ELi + &
i>1+k P+i+ (B3)
ELi

The 23-group iibrarylof Doctor and Boling contains all of the
Tso+0pes needed for the calculation except fluorine, tantalum, mag-
anese and plutonium. Cross section data for groups | through 6.fof
these elements were generated in the same way as for those which were
present, as described above. The same method was used to generate
data for groups 7 through 17 for manganese and tantalum, while data
for fluoriné and plutonium in these groups was available from the
original Hansen-Roach set in reference?28 .

Group total cross sections for the nine thermal groups were

calculated by numerical Integration of the formula
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EHi

F(E)  o(E)dE
£,
Li

4 = (B4)

where o(E) is tabular data from BNL-325 and its supplements and
F(E) is Poole's experimental thermal neutron spectrum for water
(see Figurel6), which is the spectrum the authors of the 23-group
library used to calculate their water cross section data .  This
still gave only total cross sections. On the basis of thermal cross
section data from ANL-5800, o, for maganese and fluorine was taken
as 1/v and og was calculated as o4 - 04. for plutonium and tan-
talum oo was assumed constant and o5 was calculated as o4 - og .

Since energy transfer in the scattering of thermal neutrons by
atoms is primarily dependent on atomic weight, thermal scattering
~ matrices for these four missing elements were derived from those of
elements which were present in the 23-group library. The thermal
scattering matrix of plutonium was assumed to be the same as U233,
and that of manganese was assumed to be the same as iron (The atomic
weight of Mn is 54.9, compared to 55.8 for Fe). THe thermal scéf*er—
ing matrix of fluorine was based on oxygen and that of tantalum on
U235 | but it was modified slightly to make up for the difference in
atomic weight.

'iﬁi Is the diagonal, or self-scattering, element of the scat-
tering matrix of isotope A, and thus is the probability that a neu-

tron does not entér a different energy group upon scattering from an



- 88 -

atom of this isotope. The probability that the neutron does enter a

different energy group is (1—|?+i) . |t was observed that for any
A
. 1 -1, ) .
two different isotopes A and B , the ratio RAB = i is

practically constant over the group structure for groups

1-17. This ratio was also observed to be roughly constant for groups
18-26 for most of the elements in the library. Assuming the same
ratio to hold for all groups, if B were an isotope for which the

scattering matrix elements were known, and if those for A were

A =ﬁ IB
i+itk AB I+i+k’

B

except for the case when k = 0, for which '?+i=1—RAB(1-'i+i) R §

unknown, then a rough correction could be made that |

was found from the other data in the library that there was an in-
crease of 32 percent in off—diagénal scattering matrix elements going
from uranium to Tanfalum, and a decrease of 18 percent going from
oxygen to fluorine.

This is a rough correction at best, and its validity will de-
crease as the difference in atomic weight increases. Such a correc-
tion will not, of course, be valid at all when isotopes A and B
ére in different physical forms, as, for exampie, a metallic solid
and a gas. ' : .

Although some arbitrariness exists in the cross sections of
these four missing elements, their ultimate values shouid have |ittle
effect on The final flux distributions. For example, the element
fluorine occurs onily in the gas BF3., in whfch both the absorption
and scattering cross sections of fluorine are small compared with the

absorption cross section of boron. The metals plutonium, maganese,
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and tantalum are homogenized together with the iron, nickel, chromium,
and beryliium into a small source metal sphere at the center of the
cavity; this sphere of source metals is nearly "black" to thermal
neutrons, so some small error in the cross sections of a few of the
elements can be Tolerafed..

The plutonium in the source was considered to be non-fissionable,
since the fast fission in the plutonium is already taken into account

u

in The source spectrum ’, and the thermal neutron flux, which is much

less than the fast flux, is attenuated by the outer shells of stain-

less steel and tantalum.
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APPENDIX C
SOURCE EMISSION ASYMMETRY
AND ITS EFFECT UPdN THE EXPERIMENTAL FLUX DISTRIBUTIONS

When the experlménfal project was first undertaken, it was
assumed that the emission of fast neutrons from the plutonium-beryl-
| Tum source, when observed at large distances, would be close to that
of a polnt source. |t was later found that this was not true, so
that the experimental results may be somewhat in error, In this
appendix, measurements of the magnitude of this source asymmetry are
reported, and some conjectures are presented as to fhe effects this
asymmetry might have on the experimental data.

As a check on the magnitude of the source asymmetry effect, the
fast neutron flux was measured at positions on the outer sphere sur-
face. These measurements Qere made on the system contalining a I2-inch
internal sphere. The center of the sphere was suspended about one
meter above floor fevel to reduce neutron backscaTTer. The dechfor
was a 5 mm-thick Lil(Eu) scintillation crystal with photomultiplier;
counting was done with an RIDL scaler. Using the coordinate system
shown in Figure Cl, where the through-tube corresponds to the x-axis,
measurements were taken by holding the azimuth angle @ constant at
0°, 45° and 90° and varying the colatitude; measurements were also
made by holding the colatitude ¢ = 67-1/2° and varying 8. These

data are presented in graphical form in FigureC2.
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Figure Cl, -- Coordinate system for measuring source asymmetry.

It was not possible to make a measurement for:8 = 0°-and & = 90°
because of the presence of the through-tube, so extrapolation is
necessary to establish this point on the graphs. Using this extra-
polated value, it is seen that there Is at least a 30 percent in-
crease in source emission between this direction and 6 = 90° with
any ®. As would be expected from source geometry, the scurce seems
to be symmetric in the plane perpendicular fo the through-tube.

Part of the asymmetry measured could be caused by the sphere being
slightly out-of-round. However, measurements of Tﬁe sphere dlimensions
indicate that any variance of the sphere radius is less than one
centimeter, and probably much less. Since the sphere radius is 338 c¢cm,

, . , (33.8 + 1.0)2 _
the maximum change in count rate expected is thus G3sET 1.06,

or a six percent change. Since a much greater change is observed in
the count rates at different locations on the sphere surface, it must
be concluded that most of the asymmetry observed in Figure C2 is due

to asymmetry in the emission of the source and is not caused by the
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shape of +hé sphere.

During the experiments, it was first suspected that the emission
of the source was not symmetric because foil activations measured at
the same distance from the sphere surface but at different angles with
respect to the source axis were different, They differed by a :.
seemingly constant factor at any glven radius at least an inch from
the sphere surface. Activations anywhere on the sphere surface in the
water agreed wel| with each other, however.

For a physical explanation of these two apparentiy contradictory-
facts, one should realize that the thermal neutron flux in water
several mean free paths from any boundary is almost wholly dependent
upon the fast flux at that point, and thus in this system it Is pro-
portional to the source emission in that direction. When there is
little or no absorbing gas in the sphere, the thermal and epithermal
neutrons in the water near the interface have been scattered back and
forth through the sphere a number of times until their original
locations are fost. Thus the flux inside the sphere and at the inter-
face is probably nearly the same as the flux due to a symmetrically
emitting source of the same average emission. Wheé the absorpffon of
the gas in the sphere is greater, fewer thermal neutrons pass through
the sphere repeatedly, and so this 'smoothing out' of the ihferior
fluxes could be expected to a lesser degree.

On the basis of the above discussion, it would be expected that
Tgé through-tube foil activations would show some sign of the source

asymmetry, and that this would be more pronounced for the higher pres-
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sures of BF3 In the single sphere system. Since the through-tube
foils are aligned along the axis of the source cylinder, and this
happens to be the direction of minimum source emission, the foils
there are |ikely to have.a lower thermal activation near the inter-
face. Nearer to the center of the sphere, neutrons will pass through
the foils in relatively greater numbers from other parts of the sphere
which present a greafér source of thermal neutrons, so the activation
would be greater there. This may be one explanation for the phenon-
enon of flux peaking toward the center of the sphere which was re-
ported in reference |.. An investigation of the magnitude of these
effects could be done experimentaily, or it could be done theoretically
with the use of two-dimensional spherical reactor codes.

Since the emission of the source is asymmetric, it can be expected
that the experimental fluxes measured In the water are distorted near
- the interface. It is hard to say how one could relate the fluxes far
out in the water with those measured in the sphere and on the surface.
The simplest way would be to assume the measured fluxes inside the
sphere were the same as those due to a symmetric source, and correct
the fiuxes far out in the water by the amount of agymmefry in Thé
direction the foils were located. |f the experiment were to pe done
over, the best way (in lieu of getting a ftruly symmetric source) would
be to take experimental data only in those directions which have the
same emission from the source as the source emission averaged over alli
angles.

It should be mentioned that while the data for reference | were
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being taken a check was made to determine whether the flux was the
same inside the sphere at locations other than the through-tube. This
was done by attaching foll holders to caps which screwed into the
outer sphere of the 9-inch and I2-inch inner sphere systems. However,
for several reasons the asymmetry of the source was not observed.
First, the counting procedure was not as accurate at that time as it
has later become. |t was further complicated by the fact that the
water had to be dralned from the tank to remove the foils, which re-
sulted in a long délay time between the end of irradiation and the
start of counting. Also, such a check was not possible in the single
sphere system, which, with largest amounts of BF; , is the one which
would be expected to show the effect of source asymmetry the most.
Thus the data obtained at Tﬁaf time were not found to differ statis-

tically from those measured in the through~tube.
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